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AN ANALYSIS OF INDUCTION MOTOR APPLICATIONS.
I
INTRODUCTION.
The ever increasing demand in the commercial
field for the electrically driven machine has necessitated
the study of various types of motors in actual operation.
It is the purpose of this thesis to study the field of mo-
tor operation which is limited to the polyphase induction
motor, to analyze this motor thoroughly, and to point out
its merits and demerits from the consumers point of view
as well as from the standpoint of the Central station.
Furthermore, it is the purrose to show the efficiency of the
system may be increased and the regulation of the line bene
fited by the proper choice of motors. It was with this aim
in view that the data compiled in this thesis was taken by
the engineering department of the Peoria Gas & Electric Co.

2II
GENERAL DISCUSSION
A. THE CENTRAL STATION AND THE DISTRIBUTING SYSTEM.
Experience has proven that power may be produced
more economically by one large station than by a number of
small ones. It is for this reason and the additional fact that
continuity of service is better assured, that the large central
station has come into general use. On the other hand, the con-
sumers are scattered over a large territory and this necessitates
the transmission of power for long distances. To avoid excess-
ive line losses the power should be transmitted at high volt-
ages, and the ease with- which alternating current may be hand-
led makes it especially desirable. Three phase current is
used because of the advantages of the polyphase motor and be-
cause of the economy of copper in the construction of line for
transmitting polyphase current.
In the early history of the central station the
power generated was used almost entirely for lighting purposes,
this making the heavy load come for a short time during the
evening, with practically no load during the remainder of the
twenty-four hours. Therefore, the load factor was quite low
fcr such a station carrying only a lighting load. However, by
the introduction of the motor the load factor is raised. Since
the power consumer will as a rule draw current from the line
at a time when the lighting load is small and as the power and
lighting loads overlap very little the same generators may be
used for both purposes. Hence without the addition of new

machinery the kilowatt output of the plant may be greatly
increased. The maximum economy of the station is for the
machines working close to their rated capacity, and it is for
this reason that many companies make it a policy to sell power
used during the light load hours at a low rate.

B. TYPES OF LOADS.
Loads which motors are required to carry may be
classified as follows :-
1st. Steady loads;- This is as the name indicates
a load which requires a steady torque while running. For
starting it may or may not require a high torque. In general
those loads having heavy revolving parts require a large
starting torque.
2nd. Pulsating loads:- Under this head may be
put loads such as the reciprocating pump, or where a sudden
increase of power is required at certain definite intervals
of time.
3d. Intermittent loads:- When the machine is
started and stopped very often or when the load is applied
at irregular intervals the load is intermittent.

C. MOTORS AVAILABLE AND THEIR CHARACTERISTICS.
In the following discussion the direct current
motor is not considered since the high voltage required for
economical power distribution eliminates this type. Of the
alternating current motors the synchronous motor is not con-
venient since it requires more care and knowledge to operate
it than is possessed by the ordinary workman. Also the
starting torque is very low so that it can not be started un-
der load. Another objection is that it requires a direct cur-
rent generator to supply field current, and that together with
other features of the construction makes the synchronous mo-
d
tor more expensive than the induction type. It is Avery desir-
able load for a central station since it may be operated at
unity or a leading power factor and thus used to improve the
lagging power of the system.
The other motor available is the polyphase induc-
tion motor which may have the squirrel cage style of rotor
or a variable resistance rotor. The two types have different
characteristics although the equations are the same.
The efficiency of the motor is defined as
output
.
The losses are core loss, windage and
output + losses
friction and I a R losses. The core loss increases with the
the
volume of the iron used and with 1.6 power of the maximum
flux density. If the motor is used with a higher impressed
voltage the iron losses are increased. From the I a R losses



6it is seen that high reeists-nce causes large I a R losses at
full or over loads. As the core loss, windage and friction
losses are very nearly constant for all loads the efficiency
is low at light loads, and it is very important that the mo-
tor be of such size as to be used at not less than 25f<> load.
Fig. 1 shows the variation of efficiency and power factor with
percent load for a squirrel cage type of motor. The rotor
resistance type has an efficiency 1$ to 3% less due to losses
at the slip ring contacts.
The power factor is Kw input . The power factor
KVA input
is affected by the magnetizing current which is wattless, and
by the reactance drop. In general if the reactance is low
the magnetizing current will be large and visa versa. Hence
for small magnetizing current the power factor is rather high
for light loads and will increase only a small amount as the
load increases. If the magnetizing current is relatively
large and the reactance is low the power factor is low for
light loads, but increase with the increase of loa.d. In either
case a high power factor is desirable and for this reason the
motor should be well loaded. Fig. 1 shows the power factor
for a squirrel cage motor. The power factor under running
conditions is about the same for both types.
The starting torque is: Torque - K
^-|f— in which
K is a constant, E the impressed voltage, ra the resistance
of the rotor and Z is the total impedance. Z = 1(r, + xz ) a (x,+- xa )'
and since ra is generally small in comparison with Z, the
starting torque varies nearly directly with ra , and varies

7directly with E 2 . Fig. 3 shows the variation of percent
torque and current with percent of synchronous speed for pri-
mary and secondary control. It is interesting to note that
using any one of the methods the results are the same for
torque and current speed for the third point. This indicates
that the rotor resistance is the same as that of the squirrel
cage rotor. By cutting out the remaining resistance this
particular motor will give 270% full load torque with a speed
variation of 10% from synchronous speed. Figure 4 °ives
similar curves for 1-30 H.P. rotor resistance motors, and Fig.
5 curves for 3/4 - 7 1/2 H.P. squirrel cage type motors. Both
are for General Electric Company machines. In the list of
data tabulated later in this thesis are a number of tests of
the Westinghouse Electric and Manufacturing Company Type H.F.
motors. These have a rotor resistance with thirteen divisions.
With this numberof resistances the motor may be brought up
to speed under full load torque without increase of current
beyond that required for starting.
It is interesting at this time to note the effect
of variation of voltage on the operation of the inductor motor.
It will be noted by reference to Fig. 6 that at full rated
output and 115$ voltage the torque and efficiency are about
the same, while the current and percent slip are less. The
power factor is considerably less indicating that while less
current is required a large proportion of it is magnetizing.
It will be noted that the breakdown torque is increased by
about 25% with this increase of voltage.
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8The speed is synchronous speed minus the slip and
for the usual range of operation the slip increases directly
with the load and resistance, and inversely as the square of
the voltage. From the preceeding equations it is seen that
good speed regulation and high efficiency are obtained by
decreasing the rotor resistance, at the expense of starting-
torque .
EThe starting current is I 5 ^ • To keep the
starting current down to a reasonable value, E may be decreased
at the expense of the starting torque which varies with E 3
,
or Z may be increased by adding resistance to either the rotor
or primary circuit. The effect of adding resistance to the
primary resistance is to reduce the voltage impressed on the
motor
.
The squirrel cage motors are in general designed
to give at least full load torque at starting with from 25%
to 400% of full load current.. This is obtained by a definite
choice of rotor resistance which is a compromise between
starting and running conditions. Then due to this amount of
resistance, the motor will give full load torque at from
30% to 90fc of synchronous speed. The breakdown torque is from
200% to 450% full load torque.
The rotor resistance type motor has a variable re-
sistance in the rotor circuit. By this means the maximum
torque may be made to come at any desired speed up to about
90% of synchronism. By using a suitable resistance the motor
may be started under full load torque with from 100-> to 150%
of full load current. The breakdown torque is from 200;

350$ of full load torque.
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D. THE FUNCTIONS OF AN ENGINEERING DEPARTMENT.
The interest of the consumer centers in the
following points. The motor must be able to start and run
under full load, and it must be able to stand up well under
heavy overloads for a short time. It must be simple enough
for the ordinary workman to operate and it must stand hard
usage and abuse. Finally the motor must be efficient. The
starting current is of interest to the consumer if his own
lighting circuit is affected as evidenced by the flicker of
the lights when the motor starts. AI30 if the motor accelerates
slowly and a heavy starting current continues over a consider-
able interval of time, large wires are required. In some
cases a given speed regulation is required, but for most in-
dustrial machines the regulation is satisfactory for any load
that the motor may have to carry.
The central station engineer is responsible for the
maintenance of satisfactory service for power and lighting
loads, and at the same time is responsible to his employer for
the economical operation of the system. To give proper ser-
vice the generators must have a large enough Kva. capacity to
carry the loads without heating. When the load is inductive
as is the case when induction motors are used, the kilowatt
output of the generator is decreased. Fig. 7 shows the percent
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of generator capacity available for various power factors of
the load. Just as the generator kilowatt capacity is lowered
by an inductive load, in the same way the transmission line
and transformer capacity if affected. The transmission line
and transformer capacity is affected by an inductive load in
the same way as the generator capacity. It is seen by refer-
ence to Fig. 1 that the induction motor has a low power factor
for light loads. The importance of this fact will be realized
when it is known that many of the motors tested had a power
factor of 50% to 60%. Not only does the inductive load de-
crease the capacity but it causes poorer voltage regulation
than the same Kva of a non-inductive load. This effect on
the lighting circuit must be decreased by the use of large
transformers. The losses vary with the Kva of the load. Hence
the percent loss is greater for inductive loads and the effi-
ciency of the electrical equipment is lowered.
It is evident that the consumer is often ignorant
of the proper motor installation to make, while the central
station engineer does not have the opportunity of advising him.
An engineering department maintained by the company at the
service of the consumer can do much to correct mistakes in
old installations and oversee new ones. Such an engineering
department would be expected to accomplish some of the follow-
ing changes and results :-
In most cases smaller motors may be used for
driving loads with the result that the efficiency will be in-

creased and the cost of power to the consumer lowered. By
this same means, the power factor of the motors is raised,
more generator capacity is made avilable and the line drop is
decreased.
For some conditions large squirrel cage motors
have had to be installed to start the load. These may be
changed for smaller motors having rotor resistances, or a fric
tion clutch may be provided to throw the load on the squirrel
cage motors after they come up to speed. Where possible the
latter plan is better since the squirrel cage motor has high-
er efficiency. Thus a load requiring a high starting torque
may be started without excessive flow of current. This is an
improvement for both the consumer and central station engineer
A countershaft and pulley is not advised since the increased
efficiency of the smallermotor is lost by the lower belt
efficiency
.
A third way in which this engineering department
may help the consumer is by giving assistance in regrouping
to the best advantage the machines that are to be run by one
motor
.

13
III
METHOD AND DESCRIPTION OF TESTS.
The tests used in this thesis were made by the
engineering department of the Peoria Gas and Electric Co.
The purpose of the test was not only to investigate the pre-
sent conditions, but to collect data on all available types
of machines, so that the sales department could sell the
proper motors for new installations.
The motors were tested under every condition of
loading possible to obtain, also for running light and start-
ing. Since it is the normal running load and starting
torque which determine the size and type of the motor nec-
essary, only these te6ts will be given and discussed. The
readings taken were; power by two wattmeter method, current,
voltage and speed.
In making the tests it was often ne cessary to
meter large currents. To avoid the use of ammeters of exces-
sive range, split core current transformers were used. The
compensating coils n the watt meters were not used. All
instruments were calibrated with precision, meters, the
property of the company. Curves were plotted from these cal-
ibrations and the reading taken in the tests were corrected
from these curves.
Some of the instruments were not dead beat and
in getting the starting current and power, the needles would
swing considerably past their correct reading, due to the

14
sudden rush of current. To overcome this difficulty the
readings were corrected from a curve plotted between true
reading and first swing of instrument.
To Motor
FIGURE 8
To avoid the necessity of carrying a large num-
ber of instruments long distances a board such as shown in
Figure § was used. The switch B is a large double
throw double pole switch, the end connections of which are
joined to the single throw knife switches A and A' . The
connections are made from these connections to the line as
shown in the diagram. In place of the two wattmeter method
of measuring power all readings may be taken on one set of
instruments by the proper manipulation of the three switches.

This method was used only where the load was steady. C and
C are double throw double po]e switches for reversing the
current through the pressure coil of the watt meters. This
method of reversing the reading of the watt meter was used
in preference to changing the current through the current
coil because it could be done without in any way interfering
with the continuity of service. Every precaution was used
to give the consumer continuous service throughout the test
with the exception of the interruption necessary to get
starting data.
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IV
TABLES OF TEST DATA AND DISCUSSIONS
WITH INDIVIDUAL CONCLUSIONS.
In the discussions of the following groups of
machines one object is to show the proper size of motor to use
in order to obtain high efficiency for the running conditions.
A few examples are given of the saving that may be expected
by the proposed changes. The other object is to provide for
the starting of the load without excessive flow of current
or power.
The following is a key to the speed notation of
4 he tabulations of data:- A motor alone; E = machine empty;
L = machine loaded; R = rated speed.
a- PUMPS.
For all the tests of this group the starting cur-
rent is from four to ten times the rating of the motor. The
power input is 150$ to 300% of the motor rating. In all
cases a smaller motor could be used for running and for the
small size of these motors the comparatively large starting
currents would not be objectionable to the central station.
For large pumping sets rotor resistance motors should be used
but where automatic float starters are used, it is almost nec-
essary to use a squirrel cage motor.
In this group Motor No. 26 is the only one of the
right size for the work done. It ran at nearly full load, lad
good power factor and speed regulation. Motors Nos.27 and 28

should each be replaced by a 1 K.F. motor.
b. ELEVATORS.
It is different to make recommendations for this
group since at no time was it possible to get full load on
the elevator. Except for the first two, all motors have an
external rotor resistance, but in starting this resistance is
generally cut out before the motor has much more than started.
The data for No. 19 is interesting because the power is neg-
ative for the motor going up. This indicated that the coun-
terweights are extra heavy for the light load on the motor.
Motor No. 19 should be replaced by a 1 H.P. motor
and a countershaft provided to allow the motor to come up to
speed before throwing on the load. Motor No. 35 could be re-
placed by at least a 20 H.P. and if a friction clutch were
provided it could probably start the elevator and conveyer
when full of coal. At present both the elevator and conveyer
must be empty or the motor will not start.
c. CAKE AND CRACTER MACHINERY
.
The size of motor required for the mixing machines
cannot always be decided from the data taken since the consist
ency of the dough varies. No, 56 and No. 58 are always used
for the same purpose and the data there is reliable. No. 56
should be replaced by a 5 H.P. motor. While this would re-
sult in a eaving of power it would not be very great since
the motor is used only a few hours per day.
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The maximum load is given for No. 58 and that load
is applied for only a few seconds. The normal power input
is 11 H.P. Therefore it would pay to use a 10 H.P. motor
which would easily carry the overload for the few seconds re-
quired. For starting, the spindles are revolving free and a
high starting torque is not required. Hence the starting
voltage of 125 volts could he reduced , cutting down the start-
ing current. A rotor resistance motor is not recommended for
this macl-ine because its efficiency is less than for the
squirrel cage type, and the starting conditions do not demand
it
.
Motor No. 45 is installed large anough to run three
small mixers and two larger ones. The three small ones are
seldom used. The data is taken for the two large mixers and
the line shaft. A more economical arrangement would be to use
the three small mixers in one group with a motor of proper size,
and to use the other two in another group. Then by reducing
the length of the line shaft a 3 H.P. could be used.
The power taken by the cake and cracker conveyers
loaded i3only a little more than that taken to run them empty.
Motor No. 46 should be replaced by a 1 H.P. , No. 44 by a 1/2
H.P. and No. 42 by a 1 H.P. No. 53 could be replaced by a
smaller motor but a test should be made with the conveyer load-
ed before deciding definitely.
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The cake and cracker cutting machines include
endles3 belt conveyers to carry the pans under the cutter, and
sometimes a device for rolling out the dough. Consequently
the power required to cut the crackers or cakes is negligi-
ble. As is seen from the data for Motors No. 48, 49, and 50,
a smaller size of motor should be used in each case.
The two momentary loads on Motors No. 52 and No, 53
could be lightened by using a fly wheel on the idler with the
motor. While the present conditions are not serious for these
small motors they would become so with large installations.
d. AIR COMPRESSERS.
In this group Motor No. 105 is of the proper size
while all the others are too large for the work done. In all
of the squirrel cage motors the starting current and power is
excessive as compared with that to carry the load. Motor No.
33 could well be changed to a 10 or 15 H.P. rotor resistance
motor, with a consequent saving of from 2 1/2 to 3 H.P. in
losses
.
Motor No. 68 was installed as a 5 H.P. in order to
carry a small additional load which is used only a few times
per year. The air compresser is used continuously. A con-
siderable saving of power could be made by using a 1 H.P.
motor starting on a counter shaft for the air compresser, and
a similar one for the other additional load.
Motor No. 104 is of the proper type but should be
a 20 H.P. This motor is used ten hours per day about 300 days
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per year. The efficiency of the 50 H.P. motor is about 85$
at 22 H.P. input and the lose is 3. 3. H.P. If a 20 H.P.
motor is used the efficiency is 88% and the power lost if 2.64
H.P. The net saving is 2/3 H.P, which at $.05 per Kw.Hour
is f74.00 per year.
Motor No. 91 is an example of a motor run at about
1 H.P. overload, apparently with no bad effects. However,
the efficiency is about 1% lower than at from 60% to 100% load.
The results for Wo. 142 a.re interesting. The fan
is direct connected to an eight pole motor of 900 P.. P.M. at
synchronous speed, so that the speed reduction to 670 R.P.M
desired could not be obtained by use of belt and pulleys. The
company chose to use a rotor resistance motor and run contin-
uously for ten hours per day at 75% synchronous speed. The
efficiency a.t that speed is ab©ut 66% while if a ten pole
motor at 720 R.P.M. synchronous speed were used the efficien-
cy would be increased to about 87%. For the first case the .
loss is 4.1 H.P. For the second case with a 10 H.P. motor
the loss is .91 H.P. and the saving is 3.19 H.P. At $.05 per
Kw. Hour, ten hours per day and 300 days per year, this would
amount to $478. 50 . Since the fan is used for during noon
hour part of the time it is probable that over $500 per year
could be saved
.
In concluding the discussion of this group it is
recommended that the large size motors be replaced by smaller
ones and that they have rotor resistance for starting purposes.
In general large fans require a high starting torque thus
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making the use of the rotor resistance type of motor advisable.
e. SPICE GRINDING MACHINERY.
All the motors of this group are much too
large. In fact as a result of these tests the company has
made many changes in the sizes of the motors used. In the test
No. 75 it was found that a large percentage of the power was
used in the line shafting and belts. It would be advantageous
to put the machines seldom used in one group with a motor of
proper size to run them, and to have a similar group for
the other machines. From the data given it is plain that
smaller motors should be used and that they should be squirrel
cage type with friction clutches or that rotor resistances
should be used.
f. MACHINE SHOPS.
In most machine shops it would be possible to use
a friction clutch with the line shaft. Then even if the shaft
is long and has a number of machines belted to it the more
economical squirrel cage motor can be used. In general the
long shafts with a number of pulley and belts require a high

22
starting torque.
The data taken for Motor No. 24 under "Machine
Loaded" was taken for the maximum indication of the instru-
ment needle when the trip hammer was used. A heavy fly wheel
could be put on the trip hammer countershaft and the 3 H.P.
motor replaced by a 1 H.P.
A very large saving may be made by replacing Motor
No. 101 with a 7.5 H.P. motor. The present efficiency is
76^ and the loss is 1.75 H.P. Using a 7.5 H.P. motor and the
same output of 56 H.P. the percent load is 74.5 fo, and the
efficiency is 88f<?. For these conditions the loss is .75
H.P. or a net saving of 1 H.P. At $.05 per Kw.Hour, ten hours
per day and 300 days per year, the saving is $111.90.
g. GRINDSTONES
.
As all large grindstones have large inertia and
require a high starting torque a rotor resistance type of mo-
tor should be used. In many of these tests the data given
rs for "Machine Loaded" is the maximum power input and occurs
for only a few seconds, since the load is applied for a few
seconds. Some of the grindstones are of small size and this
maximum power input is excessive, indicating that the inertia
is low. Under these conditions the central station man would
want inertia to be provided artifically as by the addition
of a heavy fly wheel. The customer should be willing to pro-
vide the fly wheel because the heavy currents otherwise re-
sulting cause extra heating and strain on the motor.
The test for Motor No. 122 shows that with the
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squirrel cage motor heavy starting current and power of about
350$. and 200%, respectively is required. For ordinary running
conditions 2.25 H.P. is required, and momentarily 24.3 H.P.
input. A 5 H.P. motor with rotor resistance would cost less
than a squirrel cage type with compensator
,
and better start-
ing torque would be obtained. The addition of a heavy fly
wheel would very largely reduce the momentary heavy rush of
current. Motor No. 123 is well adapted for its work. For
both starting and running the current and power a2 e very
satisfactory. Motor No. 138 should be replaced by a 5 H.P.
motor or perhaps a. still smaller one, and a fly wheel should
be added to give up its energy during the few seconds that the
load is applied. The present starting power is comparatively
low for a squirrel cage motor with a compensator, showing that
the inertia, of the rotating parts is low.
h. MISCELLANEOUS
.
Motor No. 72 is noticeable for its inadaptability
to start the heavy load. The machines all have heavy fly wheels
and are all belted directly to the line shaft. When the motor
is started a number of men have to help by pulling on the belt.
It required thirty seconds to a minute for the motor to reach
any speed. After the motor was running it was found that the
power taken for the machines working or idle was very nearly
the same, due to the heavy fly wheels. A 15 H.P. rotor re-
sistance motor should start the load and carry is satisfactor-
ily. It would probably be a little more economical to use a
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squirrel cage motor and a friction clutch in the line shaft.
Motor No. 70 has about the same conditions of operation as
No. 72 and the same changes could he made.
Motor No. 100 is another example of a poor choice
of motor. To cut down the losses the line shaft is run in
ball bearings but any gain this way is offset by the low effi-
ciency of the motor installed. A 15 H.P. rotor resistance
motor would start and carry the maximum load.
Motor No. 51 is of interest since it is the only
T"0 pole motor tested. The buffer is direct connected to
the motor shaft and not much additional power is required to
run it idle. Then for "Machine Idle" the power input is
nearly all to run the motor. That power is about ZOfo compared
with the usual power of about lOfo.
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GENERAL CONCLUSIONS.
As a result of this investigation it was found
that in almost every case the motor was larger than required
for the work to be done. In some cases this was due to
ignorance of the actual needs and in other cases due to the
wrong idea that for the same load it would cost no more
to run the large motor than the small one. Again in a few
cases where a high starting torque was required, large
squirrel cage motors were installed when a small motor and
friction clutch should have been used. In other cases a
smaller rotor resistance motor sh uld have been used. Very-
few of the consumers realize that there is any relation be-
tween efficiency and percent load on the motor. None seemedto
understand that for the same efficiency the large motor has
larger losses.
If the changes suggested aie made it will result
in higher economy of operation and a saving to both the con-
sumers and the central station, and the company will obtain
the good will and confidence of the consumers to an extent
that could not be obtained by any other means.
*3k
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